We report the discovery of , an exoplanet on a 5.37-day orbit around an inflated F6 IV-V star with T eff = 6400 ± 100 K, M * = 1.35 ± 0.05 M and R * = 1.6 ± 0.1 R . The planet has a radius of R P = 1.15 ± 0.09 R Jup and a mass of M P = 1.0 ± 0.1 M Jup , making it a mildly inflated hot Jupiter. The orbit is also marginally misaligned with respect to the stellar rotation, with λ = 21 ± 6 • measured using Doppler tomography. We compare a Rossiter-McLaughlin analysis (involving radial velocity measurements) with the Doppler tomography method, and find that the latter provides a better constraint on v sin i and λ.
INTRODUCTION
The Rossiter-McLaughlin (RM) effect, a distortion of the line profiles of a star caused by an occulting body blocking part of the stellar face, was first detected for a transiting hot Jupiter by Queloz et al. (2000) in observations of HD 209458. It has since been used extensively to measure the projected angle between the planet's orbit and the stellar rotation axis in many hot-Jupiter systems (e.g. Triaud 2017) .
One can also plot the line profiles as a function of phase, looking for the Doppler shadow of the planet as it moves across the line profiles. This "tomographic" method was first used in the discovery of a planet for WASP-33b (Collier Cameron et al. 2010b ). The tomographic technique is particularly useful for systems with hotter and fast-rotating stars, with fewer and broader spectral lines, which may give only less-accurate radialvelocity measurements. Thus it has now been used in the discovery of hot Jupiters transiting hot stars, including arXiv:1811.05742v1 [astro-ph.EP] 14 Nov 2018 KELT-20b (Lund et al. 2017 ), HAT-P-67b , WASP-167b/KELT-13b (Temple et al. 2017) , MASCARA-1b (Talens et al. 2017 ) and WASP-189b (Anderson et al. 2018) . Brown et al. (2017) compare tomographic and RM analyses of the same datasets for six WASP systems. They find that the tomographic method consistently gives better constraints on values for the projected stellar rotational velocity v sin i and the sky-projected obliquity angle λ. Note that the tomographic analysis method uses the line profiles more directly, while an RM analysis in terms of radial-velocity measurements (RVs) needs one to translate the change in the line profiles owing to a planet shadow into a change in the overall radial velocity (Hirano et al. 2011; Boué et al. 2013) .
In this work, we report the discovery and characterisation of WASP-190b, a hot Jupiter orbiting a star of T eff = 6400 K which can be found in TESS Sector 2 as TIC ID:116156517 (Ricker et al. 2015; . We use both tomographic and RM analyses to determine the geometry of the system, and confirm the existence of the planet via the detection of its Doppler shadow and by measuring its mass using orbital RV measurements.
DATA AND OBSERVATIONS
We observed WASP-190 using the WASP-South telescope (Hellier et al. 2011) at the South African Astronomical Observatory (SAAO) from 2006 to 2011. After the detection of a planet-like transit dip in the WASP lightcurve we confirmed the transit with a follow-up lightcurve obtained using the TRAPPIST-South telescope (Jehin et al. 2011) , and proceeded to obtain reconnaissance spectroscopy with the Euler/CORALIE spectrograph (Queloz et al. 2001) . These were sufficient to rule out a stellar-mass binary, but with relatively large errors were consistent with no motion and were inconclusive about whether the transiting body was a planet.
We thus attempted tomography of a transit, obtaining a series of 28 spectra through transit on the night of 2017 October 13 using the ESO 3.6-m/HARPS spectrograph (Pepe et al. 2002) , accompanied by simultaneous photometry using the SPECULOOS-Europa telescope (Burdanov et al. 2018; Gillon 2018; Delrez et al. 2018) . After tomographic detection of a planet-like signal, we obtained 5 further orbital RVs with HARPS to constrain the planetary mass.
The HARPS spectra were cross-correlated over a window of ± 350 km s −1 , using a mask matching a G2 spectral type, and the standard HARPS Data Reduction Software as described by Baranne et al. (1996) , Pepe et al. (2002) . We then analysed the cross-correlation We used the WASP photometric data to look for any evidence of rotational modulation of the host star, using the methods of Maxted et al. (2011) . We find no such variability at periods longer than a day, with a 95%-confidence upper limit on the amplitude of 1 mmag.
STELLAR PARAMETERS FROM SPECTRAL ANALYSIS
In order to determine stellar parameters of WASP-190 we co-added the HARPS spectra obtained on the night of 2017 October 13 and performed a spectral analysis. We adopted a microturbulent velocity of v mic = 1.6 km s −1 from the calibration of Bruntt et al. (2010) and a macroturbulent velocity of v mac = 6.5 km s −1 from the calibration of Doyle et al. (2014) . We used the H α line to determine an effective temperature T eff = 6400 ± 100 K, while using the Na D feature to measure log g * = 3.9 ± 0.1. We also determined the projected stellar rotational velocity v sin i = 13.8 ± 0.7 km s −1 , and the surface metallicity [Fe/H] = −0.02 ± 0.05. These results are also listed in Table 3 . Using the MKCLASS program (Gray & Corbally 2014) we then obtained a spectral type of F6 IV-V.
COMBINED MCMC ANALYSIS
We conduct an analysis very similar to that conducted by Temple et al. (2018) for WASP-174b, which involves the use of Markov Chain Monte Carlo (MCMC) methods to analyse the combined photometric and spectroscopic datasets. As one approach we use the in-transit spectroscopy data in the form of RV measurements, following the method of Hirano et al. (2011) , and as a second approach we use the same data in the form of CCFs, following methods similar to that used by Brown et al. (2017) ; Temple et al. (2017) . We call the former the Rossiter-McLaughlin (RM) analysis and the latter the tomographic analysis.
The code we use is described by Collier Cameron et al. (2007) and Pollacco et al. (2008) , which in the latest ver- sion includes the tomographic analysis as described by Collier Cameron et al. (2010a) . In both analyses, fitting the photometric lightcurves allows direct measurement of the planet-to-star area ratio (R p /R ) 2 , the impact parameter b and the key transit timing information T c , P, T 14 and T 12 (T 34 ), which are respectively the epoch of mid-transit, the orbital period, the transit duration and the duration of ingress(egress). We use the value of T eff obtained in the spectral analysis (see discussion in Section 7) as input, and for each new value of T eff we interpolate four-parameter law limb-darkening coefficients from the tables of Claret (2000 Claret ( , 2004 . Stellar mass is 
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13.3 ± 0.6 14.1 ± 0.7 calculated at each step using the Enoch-Torres relation (Enoch et al. 2010; Torres et al. 2010) . The photometric data are displayed in Fig. 1 along with the best-fit model and residuals of the fit. The RV analysis then enables measurement of the barycentric system velocity γ and the stellar reflex velocity semi-amplitude K 1 . We expect that most hot Jupiters will settle into a circular orbit on a shorter timescale than their lifetimes (Pont et al. 2011 ), but with an orbital period of ∼ 5 days WASP-190b is entering the regime where eccentricity may remain. However, we do not have sufficient orbital RVs to constrain the eccentricity and so assume a circular orbit. The CORALIE data have larger error bars than the HARPS data, and the errors are underestimated since the CCFs are nonGaussian. We do not include the CORALIE measurements in the model adopted here, though including them changes the planetary mass by much less than the error bar.
Both the RM analysis and the tomographic analysis allow the measurement of v sin i and λ, while providing an additional constraint on the values of γ and b. The tomographic analysis also requires that one fits the intrinsic line width of the perturbation to the CCF, v FWHM , whose shape is assumed to be Gaussian. For each analysis we adopt the spectral v sin i as a prior.
We show all RV measurements used in this work, along with the best fitting RV and RM models in Fig. 3 . We also display the tomographic data (the time series of CCFs with the average of the out-of-transit CCFs subtracted from all CCFs) in Fig. 4 , along with the best-fit planet model and residuals. The best fit parameters are listed in Table 3 . We adopt the solution to the tomographic analysis (see Section 6) and, to avoid duplicating parameters derived from the same data (which are consistent in any case), the only parameters for which we list values from both analyses are γ, v sin i and λ.
RESULTS FOR THE STAR
We find WASP-190 to be an inflated star, with R * = 1.6 ± 0.1 R and ρ * = 0.34 ± 0.05 ρ . This implies that the star is beginning to evolve away from the main sequence, which would be consistent with the spectral type of F6 IV-V.
Using the InfraRed Flux Method (Blackwell & Shallis 1977) we measure the temperature of WASP-190 to be T eff = 6560 ± 140 K and the angular diameter θ to be 0.029 ± 0.001 mas. The Gaia DR2 (Gaia Collaboration et al. 2016 , 2018 lists the parallax of WASP-190 as 1.82 ± 0.03 mas. Using these values and accounting for the correction to Gaia DR2 parallax values suggested by Stassun & Torres (2018) , we obtain a stellar radius of 1.65 ± 0.08 R , which is consistent with our result from the MCMC analysis.
We investigate the age of WASP-190 using the open source software bagemass1 (Maxted et al. 2015) . bagemass allows the user to fit T eff and M * using stellar evolutionary models calculated for different He abundances and mixing lengths (garstec; Weiss & Schlattl 2008) . As inputs we use the values of T eff and [Fe/H] derived from the spectral analysis in Section 3, and also use the value of ρ * obtained in the combined analysis (Section 4) as a constraint.
Assuming solar values for the He abundance and mixing length gave the best-fit solution. We display the corresponding isochrones and evolutionary tracks in Fig. 2 . We find the current age of WASP-190 to be 2.8 ± 0.4 Gyr, implying that the star is beginning to evolve off the main sequence. This is consistent with our finding that the star is inflated. For comparison, the time taken to exhaust all hydrogen in the core is 3.8 ± 0.5 Gyr.
RESULTS FOR THE PLANET
We find a best fit K 1 of 0.099 ± 0.009 km s −1 , giving a planet mass of M p = 1.0 ± 0.1 M Jup . The fitted planetary radius is 1.15 ± 0.09 R Jup .
The in-transit RVs, showing the RM effect, are displayed in the lower panel of Fig. 3 . The equivalent tomogram of the same data is shown in Fig. 4 . Both are consistent with a planet in a prograde orbit. The pro- jected spin-orbit angle, λ, is measured as 23 ± 12 • in the RM analysis and as 21 ± 6 • in the tomographic analysis. The planet trace is faint and hard to see, which we attribute to the star being relatively faint for tomographic analysis, at V = 11.7, and the transit dip being relatively shallow for a hot Jupiter, at 0.6%. The latter results from the star being relatively large at 1.6 R when compared to the planet, which has only a mildly inflated radius of 1.15 R Jup .
DISCUSSION AND CONCLUSIONS
We have shown that WASP-190b is a typical hot Jupiter with a mass of 1.0 ± 0.1 M Jup and a mildly inflated radius of 1.15 ± 0.09 R Jup . It is in a 5.4-day orbit that is marginally misaligned with respect to the stellar rotation, with λ = 21±6 • .
The measured values of v sin i and λ are consistent between the spectral analysis, the tomographic analysis and the RM analysis. The tomographic analysis produced similar fits, giving a v sin i value consistent with the spectroscopic value, regardless of whether we adopted the spectroscopic v sin i as a prior. In contrast, the RM analysis was less constrained without a prior, and the fit tended to favour values that were too large. This often occurs for systems with a low impact parameter b, since it is difficult to differentiate the effects of v sin i and λ on the shape of the RM curve when it is symmetrical (e.g. Albrecht et al. 2011). Since, in WASP-190 , the impact parameter has a mid-level value of b = 0.45, this tendency should be reduced, but it may be that the low signal-to-noise of the data is leading the fit to be less constrained than usual. Overall, we found that the parameters were better constrained in the tomographic analysis than in the RM analysis, and so we adopt that fit.
While there is a well-established trend between the irradiation of a hot Jupiter and the inflation of its radius (e.g. Enoch et al. 2012) , hot Jupiters also display a wide range of radii (e.g. Burrows et al. 2007 ). Sestovic et al. (2018) investigates the relationship between planet radius, mass and irradiation, finding that a more massive planet is usually less inflated than a low-mass planet of the same temperature, due to the planet's gravity counteracting the inflation. In Fig. 5 we show planetary radius as a function of equilibrium temperature, and use planetary mass as a third dimension, for all planets with 0.6 M Jup < M p < 4.0 M Jup as listed in the TEPCat database (Southworth 2011) . The figure indicates that planets of a given mass can have a wide range of radii, and shows that planets of ∼ 1 M Jup like WASP-190b are not necessarily inflated. Possible causes of the disparity include different evolutionary histories, leading to different amounts of irradiation over time (e.g. Hartman et al. 2016) , the possibility of internal heating mechanisms (e.g. Kurokawa & Inutsuka 2015; Ginzburg & Sari 2015; Thorngren & Fortney 2018; Ryu et al. 2018 ) and differences in the mass and metallicity of the planets' cores (e.g. Enoch et al. 2012 ). With λ = 21 ± 6 • , WASP-190b is marginally misaligned. This is consistent with the known trend in hot-star systems, whereby planets around stars beyond the Kraft break have a wider range of obliquities, with most being in misaligned orbits (e.g. Winn et al. 2010; Dai & Winn 2017) . The true orbit may be more strongly misaligned, however, since the value of |λ| for non-polar misaligned orbits represents a lower limit for the true obliquity |ψ|. To measure ψ it would be necessary to independently measure the stellar equatorial rotational velocity v or stellar inclination i (for example, by looking for differential rotation effects as described by Cegla et al. 2016 
